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E-mail address: michael.cheetham@ucl.ac.uk (M.EThe trafﬁc of proteins to the outer segment of photoreceptors is a fundamentally important process,
which when perturbed results in photoreceptor cell death. Recent reports have revealed a novel pathway
for the trafﬁc of lipid-modiﬁed proteins involving the small GTPase Arl3 and its effectors PDEd and
Unc119. The retinitis pigmentosa protein RP2 is a GTPase activating protein (GAP) for Arl3 and also
appears to regulate the assembly and trafﬁc of membrane associated protein complexes. We recently
identiﬁed the Gb subunit of transducin (Gb1) as a novel RP2 interacting protein. Our data support a role
for RP2 in facilitating membrane association and trafﬁc of Gb1, potentially prior to the formation of the
obligate Gb:Gc heterodimer. Here, we review the recent evidence that suggests that RP2 co-operates with
Arl3 and its effectors in protein complex assembly and membrane speciﬁcation for lipid-modiﬁed pro-
teins. This is exempliﬁed by the co-ordination of cilia associated trafﬁc for heterotrimeric G proteins
and we propose a model for the role of Arl3 and RP2 in this process.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Lipid modiﬁcations provide an important mechanism for target-
ing proteins within cells and for controlling their activity. The most
common forms of lipid protein modiﬁcations are palmitoylation,
prenylation (farnesylation and geranylgeranylation) and myris-
toylation (reviewed by Blenis and Resh (1993) and Magee and
Seabra (2005)). Covalent modiﬁcations of proteins by hydrophobic
moieties enhance membrane binding and inﬂuence protein–
protein interactions.
Interestingly, many important cellular regulators, such as pro-
tein kinases, receptors, G-proteins and small GTPases are lipid-
modiﬁed, highlighting the importance of post-translational protein
modiﬁcations in intra- and extra-cellular cell signalling events
(Resh, 1999). The addition of myristoyl or prenyl groups is essen-
tial for membrane association, and therefore function, of several
small GTPases including most members of the Ras protein family,
which are prenylated and targeted to the plasma membrane
(Magee & Marshall, 1999; Pechlivanis & Kuhlmann, 2006). In con-
trast to transmembrane proteins, however, the molecular mecha-
nisms that regulate the trafﬁc for lipid-modiﬁed proteins are
relatively poorly understood.ll rights reserved.
. Cheetham).2. Arf-like GTPases and ciliary protein trafﬁc
Recently, several reports have highlighted the importance of
ADP-ribosylation factor-like (Arf-like or Arl) GTPases, their guanine
nucleotide exchange factors (GEFs), GTPase activating proteins
(GAPs) and effectors in protein trafﬁc to and within cilia. For exam-
ple, Arl13 and Arl3 have been shown to coordinate intraﬂagellar
transport (IFT) and ciliogenesis in Caenorhabditis elegans. Loss of
Arl13 and Arl3 disrupted the association of IFT A and B protein
complexes and destablised the association between the IFT com-
plex and the ciliary kinesin 2 motor Kif17 (Li et al., 2010). Arl3 is
localised to the photoreceptor cilium (Grayson et al., 2002) and
Arl3 knock-out mice display a phenotype indicative of ciliary de-
fects, such as cystic kidneys, liver and pancreas, as well as retinal
degeneration (Schrick et al., 2006).
An important Arl3 regulator is the X-linked retinitis pigmentosa
protein 2 (RP2), which functions as a GTPase activating protein
(GAP) for Arl3 (Veltel et al., 2008a). Post-translational modiﬁca-
tions by myristoylation (at G2) and palmitoylation (at C3) at the
N-terminal dual acylation motif (MGCXFSK) target RP2 to the plas-
ma membrane and detergent resistant membranes (Chapple et al.,
2000, 2003). Retinal degeneration associated mutations affecting
this motif (e.g. deletion of S6 or disruption of G2) prevent mem-
brane association (Chapple et al., 2000, 2002; Schwahn et al.,
2001), illustrating that these modiﬁcations are vital for correct
localisation and function of RP2 in photoreceptors. Myristoylation
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body of cilia in human retinal epithelial (RPE) cells (Evans et al.,
2010) and cilia of renal epithelium cells (Hurd et al., 2010). Inter-
estingly, RP2 is enriched at the base of photoreceptor cilia and
localises to the periciliary ridge and the Golgi complex in mouse
retina (Evans et al., 2010). Therefore, RP2 is ideally localised to cou-
ple the movement of proteins destined for cilia from the endo-
membrane system to the base of the cilium, and via IFT into the
cilium itself. Depletion of RP2 by siRNA or overexpression of a con-
stitutively active GTP form of Arl3 (Arl3-Q71L), which mimics loss
of RP2’s GAP activity, caused fragmentation of the Golgi network in
RPE cells and dispersal of components of the IFT machinery, such
as IFT20, from the peri-basal body pool (Evans et al., 2010). This re-
gion adjacent to the basal body represents a pool of proteins from
which the IFT proteins organise into particles before moving into
the cilium (Follit et al., 2006). These data suggest that RP2 regula-
tion of Arl3 is important for maintaining Golgi cohesion and for
facilitating transport and docking of vesicles carrying proteins to
the base of the photoreceptor connecting cilium for transport to
the outer segment.
The Arl3 effectors phosphodiesterase 6 delta (PDE6d) and Unco-
ordinated 119 protein (Unc119) share extensive sequence homol-
ogy (Linari, Hanzal-Bayer, & Becker, 1999; Van Valkenburgh
et al., 2001). These proteins have similar hydrophobic lipid binding
pockets and were recently shown to co-operate with Arl3 to regu-
late the membrane association of lipid-modiﬁed proteins. Unc119
binds and extracts acyl-modiﬁed proteins from membranes,
including myristoylated transducin a (Ga1) (Zhang et al., 2011).
In contrast, PDE6d is a prenyl-binding protein (Zhang et al., 2004,
2007). A recent study uncovered a novel transport system for farn-
esylated G proteins whereby GTP-bound Arl2 and Arl3 stimulate
the release of prenylated cargo bound to PDE6d (Ismail et al.,
2011). Similarly, the interaction of GTP-bound Arl3 with Unc119
facilitates the release of cargo from Unc119 (Wright et al., 2011).
Notably, Arl3-GTP, Unc119 and RP2 can form a ternary complex
(Veltel et al., 2008b). Loss of Arl3, Unc119b (the ciliary targeted
ortholog of Unc119) or RP2 was shown to reduce the number of ci-
lia containing myristoylated cargo proteins, such as nephronoph-
thisis 3 (NPHP3), highlighting the importance of this pathway for
the correct targeting of lipid-modiﬁed proteins (Wright et al.,
2011). In the proposed model Unc119b ﬁrst binds myristoylated
cargo proteins in the cytoplasm and the complex then trafﬁcs via
an unknown mechanism towards the cilium. Membrane bound
Arl3-GTP binds to Unc119 resulting in the release of the myristoy-
lated cargo protein either into the cilium or close to the basal body
pool for transport into the cilium. The GAP, RP2, then stimulatesFig. 1. Potential pathway for Arl3 andArl3 GTP hydrolysis and thereby releases Unc119 from Arl3
(Wright et al., 2011).3. Model for assembly and trafﬁc of transducin
RP2 may play several roles in regulating this novel pathway of
lipid-modiﬁed protein targeting; including, specifying membrane
domains, recycling Arl3 and its effectors, or directly binding cargo
and facilitating complex assembly. Recently, the rod transducin
beta subunit (Gb1) was identiﬁed as a novel interaction partner
of RP2 by afﬁnity pull down from retinal lysates (Schwarz et al.,
2012). RP2 speciﬁcally bound Gb1, not Gb3 or Gb5L, and the inter-
action facilitated the membrane association of Gb1. Importantly,
GTP-bound Arl3 displaced Gb1 from RP2, suggesting that Gb1
would be released from RP2 at the same cellular site that Arl3-
GTP stimulates the release of prenylated proteins from PDE6d
and acylated proteins from Unc119 (Schwarz et al., 2012). Further-
more, RP2 was recruited to Rab11 positive vesicles and facilitated
the association of Gb1 with these vesicles (Schwarz et al., 2012). It
is currently unclear if mammalian Arl3 is acylated like the Dro-
sophila ortholog (Kakihara et al., 2008), but Arl3-GTP can bind
membranes (Wright et al., 2011). It is likely that GEFs and GAPs
might inﬂuence the membrane preference of Arl3. For example,
RP2 and Arl3-GTP concentrate each other on intracellular mem-
branes, such as the Golgi (Evans et al., 2010).
Given these data, we propose a model (Fig. 1) in which RP2 acts
with Arl3 and its effectors, Unc119 and PDE6d, to target the assem-
bly and trafﬁc of membrane associated cargo proteins to speciﬁc
membranes. Unc119 and PDE6d bind to distinct subsets of post-
translationally modiﬁed cargo proteins and RP2 may also bind spe-
ciﬁc cargo. The heterotrimeric G protein transducin provides an
excellent example of how this might be co-ordinated. Unc119
binds the acylated N-terminus of Ga1 and facilitates the trafﬁc of
the Ga1 subunit (Zhang et al., 2011), while PDE6d is a prenyl-bind-
ing protein and could trafﬁc the Gc1 subunit (Hanzal-Bayer et al.,
2002; Ismail et al., 2011; Zhang et al., 2004). Arl3-GTP binds PDE6d,
releasing Gc1 into the membrane. Similarly, the Ga1 subunit
would be released from Unc119 following binding of Unc119 to
Arl3-GTP, allowing membrane association of Ga1. Arl3-GTP would
also stimulate release of Gb1 from RP2. Therefore, Arl3-GTP stimu-
lates the release of Gc1 from PDE6d and Ga1 from UNC119 at the
same subcellular locale that Gb1 is released by RP2. This would en-
able heterodimer, or heterotrimer, assembly at a membrane sur-
face that is speciﬁed by Arl3-GTP and/or RP2. This process could
occur on any membrane, but possibly at the ER, Golgi, periciliaryRP2 mediated G protein trafﬁc.
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nated trafﬁc. PDE6d and Unc119 share the same binding site on
Arl3-GTP and therefore Arl3 cannot bind both proteins at the same
time. As the Gbc heterodimer is formed before the Gabc heterotri-
mer two rounds of Arl3-GTP:effector binding would be required for
full heterotrimer assembly. This could occur sequentially involving
a single Arl3-GTP molecule, in which case PDE6dmust bind and be
released prior to Unc119 binding, as RP2 is required to release
Unc119 from Arl3-GTP. Alternatively, several molecules of Arl3-
GTP could be acting at the same membrane and the high local con-
centration of the released components would facilitate complex
assembly. RP2 activates the Arl3 GAP activity, thereby stimulating
the release of any bound Arl3 effectors, in particular Unc119, for
further cycles of cargo trafﬁcking. Arl3 would then also be reset
as Arl3-GDP until the actions of unidentiﬁed GEFs promote the
reactivation of the GTPase. These GEFs may play an important role
with RP2 in specifying target membranes for cargo coordinated by
Arl3 and its effectors.
4. Conclusions
The correct trafﬁcking of proteins in photoreceptors is vital for
photoreceptor cell survival and function. However, the detailed
molecularmechanismsof protein transport are still relativelypoorly
understood. Recent ﬁndings presented here shed light on themolec-
ular function of Arl3 in cilia and highlight the importance of Arl3, its
effectors (Unc119, PDE6d), and regulator RP2, in protein trafﬁc. In
particular, the identiﬁcation of new interaction partners for
Unc119 and RP2 reveal the potential importance of Arl3-mediated
membrane speciﬁcation and complex assembly for membrane-
associated proteins in photoreceptors. Recent reports of zebraﬁsh
models have supported a role for RP2 in cilia function (Patil et al.,
2011; Shu et al., 2011). As these models have problems of photore-
ceptor development, however, new mammalian animal models
might be needed to fully clarify the role of RP2 in photoreceptors.
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